The neurotrophic factors of the nerve growth factor family (neurotrophins) have been shown to promote neuronal survival after brain injury and in various models of neurodegenerative conditions. However, it has not been determined whether neurotrophin treatment results in the maintenance of function of the rescued cells. Here we have used the retrograde degeneration of geniculate neurons as a model system to evaluate neuronal rescue and sparing of function after administration of brain-derived neurotrophic factor (BDNF). Death of geniculate neurons was induced by a visual cortex lesion in adult rats, and exogenous BDNF was delivered to the axotomized geniculate cells via anterograde transport after injection into the eye. By microelectrode recordings from the geniculate in vivo we have measured several physiological parameters such as contrast threshold, spatial resolution (visual acuity), signal-to-noise ratio, temporal resolution, and response latency. In control lesioned animals we found that geniculate cell dysfunction precedes the onset of neuronal death, indicating that an assessment of neuronal number per se is not predictive of functional performance. The administration of BDNF resulted in a highly significant cell-saving effect up to 2 weeks after the cortical damage and maintained nearly normal physiological responses in the geniculate. This preservation of function in adult axotomized neurons suggests possible therapeutic applications of BDNF.
Introduction
The family of mammalian neurotrophins comprises nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF), neurotrophin-3 (NT-3), and NT-4 (Lewin and Barde, 1996) . These factors exert their actions on target cells through the binding to two classes of transmembrane receptors: the p75 neurotrophin receptor and the members of the Trk family of receptor tyrosine kinases (TrkA, TrkB, and TrkC) (Kaplan and Miller, 2000; Patapoutian and Reichardt, 2001 ). Because of their ability to support neuronal survival, the neurotrophins have been proposed as therapeutic agents for the treatment of brain injury and disease (Blesch et al., 1998; Mufson et al., 1999; Kordower et al., 2000) . Indeed, there is ample evidence that the application of specific neurotrophins can rescue select populations of central neurons from injury-induced death. For example, intraocular delivery of BDNF protects retinal ganglion cells after optic nerve section (Mansour-Robaey et al., 1994; Klocker et al., 1998; Chen and Weber, 2001; Cheng et al., 2002) , and NGF is a powerful trophic factor for axotomized basal forebrain cholinergic neurons (Hefti, 1986; Williams et al., 1986; Tuszynski et al., 1996) . In most such studies, protection from neuronal death is documented at a purely morphological level. It remains to be determined whether the neuroprotective effects of neurotrophins are accompanied by sparing of function of the damaged cells. This is a fundamental issue to address because neuroprotection is useless if the rescued neurons do not function normally afterward (Dumas and Sapolsky, 2001) . To this aim one needs a model of neurodegeneration in which physiological measurements can be reliably performed.
The good knowledge of the physiology of the visual system makes it an ideal system to evaluate sparing of function after a neuronal insult in vivo. We and others have described the massive neuronal death in the dorsal lateral geniculate nucleus (dLGN) induced by visual cortex ablation in mammals (Perry and Cowey, 1979; Agarwala and Kalil, 1998; Al-Abdulla et al., 1998; Cowey et al., 1999; Caleo et al., 2002) . This process of death is apoptotic based on both ultrastructural and biochemical criteria (AlAbdulla et al., 1998; Martin et al., 2001; Caleo et al., 2002) . We have shown recently that the delivery of BDNF into the eye prevents the degeneration of half of the axotomized geniculate neurons in neonatal rats (Caleo et al., 2000) . The effect of BDNF is mediated via uptake by retinal ganglion cells, anterograde transport along the optic nerve, and release to the postsynaptic geniculate neurons (Caleo et al., 2000) . Here we test whether similar rescue effects are present in adult animals, in which BDNF was also demonstrated to travel anterogradely along the optic nerve (Caleo et al., 2000) . We have used a cortical lesion in adult rats that induces the almost complete loss of geniculate projection neurons within 2 weeks (Agarwala and Kalil, 1998 ; Al-Abdulla et al., 1998; Caleo et al., 2002) . By recording visual evoked potentials (VEPs) from the lateral geniculate nucleus in vivo we have measured several parameters such as contrast threshold, spatial resolution (visual acuity), temporal resolution, signal-to-noise ratio, and response latency. We have first evaluated the time course of the changes in geniculate physiology induced by visual cortex ablation to determine whether functional changes precede, follow, or coincide with the anatomical changes. Second, we have assessed the ability of BDNF (injected intraocularly with different regimens) to protect geniculate neurons from death and dysfunction.
Materials and Methods

Animal treatment and experimental protocol
The procedures used in this study were approved by the Italian Ministry of Health. A total of 42 adult Long-Evans rats (320 -450 gm body weight) were used. Eleven animals were left untreated and used as normal controls. The remaining 31 underwent a visual cortex lesion. Five animals were recorded within a few hours of the cortical damage, and another five were analyzed 3 d later. Twenty-one animals were recorded 2 weeks postoperatively. Of these, four received bilateral intraocular injections of recombinant human BDNF (15 g per eye; 1.5 l of a 10 g/l solution in PBS) at the time of the lesion. Six animals were given three bilateral doses of BDNF (15 g per eye) at days 0, 5, and 10 after surgery. This amount of intraocular BDNF has been shown previously to be effective in inducing a postsynaptic response in the geniculate cells (Caleo et al., 2000) . Control lesions consisted either of lesioned untreated rats (n ϭ 8) or lesioned rats that received one bilateral intraocular dose of cytochrome c (a protein with physicochemical properties similar to BDNF; 15 g in PBS) immediately after the lesion (n ϭ 3). After surgery animals were allowed to recover in their cages and then reared in a normal light/ dark cycle with ad libitum access to food and water.
Visual cortex ablation. Animals were placed in a stereotaxic apparatus under deep avertin anesthesia (1 ml/100 gm body weight, i.p.). A hole was made in the skull overlying visual cortex, the dura was removed, and the cortex was ablated with a needle connected to a vacuum pump (Caleo et al., 2002) . Only animals in which the depth of the lesion reached the white matter and in which cortical areas Oc1, Oc2M, and Oc2L (Sefton and Dreher, 1995) were entirely ablated were included in our sample. After suction, the cut flap of bone was placed over the lesion, and antibiotics were locally applied before the skin was sutured. To minimize variability in the extent of the lesion between experimental groups, both control and BDNF-treated animals were operated in each surgical session. Animals were first lesioned and then randomly assigned to either the control or BDNF-treated group.
Intraocular injections. Under deep avertin anesthesia the animals were binocularly injected into the vitreous using a microinjector connected to a glass pipette (30 -40 m external diameter). Injections were made at the ora serrata and in correspondence with the nasal pole of the eye so that any damage to the retina would be confined to the monocular representation of the visual field.
Quantification of anterograde transport of radio-iodinated BDNF
One adult Sprague Dawley rat weighing 225 gm was used for quantification of anterograde transport of BDNF. BDNF was radiolabeled with lactoperoxidase (von Bartheld, 2001) , resulting in an incorporation of 92% and a specific activity of 104 cpm/pg. The rat was anesthetized intraperitoneally with ketamine and xylazine at 40 and 5 mg/kg, respectively, and injected with 1 g 125 I-BDNF in a volume of 8 l in the posterior chamber of the right eye using a disposable insulin syringe (von Bartheld, 2001 ). The rat was allowed to recover and was anesthetized again after 6 hr. The animal was perfused with 4% paraformaldehyde through the heart, postfixed for 1 hr, and both eyes, the optic nerves, and the brain was dissected. Comparable structures of the right and left half of the brain were further dissected, and all tissues (eyes, optic nerves, olfactory bulbs, forebrain, midbrain, superior colliculi, and inferior colliculi) were counted separately in a gamma counter (1470 Wizard, Wallac). Eyes were counted for 1 min, all brain structures were counted for 10 min, and all gamma counts are expressed as "cpm." Brain tissues were collected in 70% ethanol and dehydrated in a series of graded ethanols to remove free iodine. After dehydration, all brain parts were counted again in the gamma counter.
Electrophysiological analysis
Animals were anesthetized with urethane (Sigma, St. Louis, MO; 20% solution in saline; 0.7 ml/100 gm body weight, i.p.) and placed in a stereotaxic frame. Additional doses of urethane (0.07 ml/100 g) were given to keep the level of anesthesia stable throughout the experiment. Body temperature was monitored continuously and maintained at 37°C by a thermostat-controlled electric blanket. Oxygen was also administered continuously. Both eyes were fixed by means of adjustable metal rings surrounding the external portion of the eye bulb. After exposure of the cerebral surface, a micropipette (tip resistance ϭ 2 M⍀) filled with 3 M NaCl was inserted into the brain to reach the dLGN. Stereotaxic coordinates were 2.6 mm anterior and 3.6 mm lateral from lambda. Several physiological landmarks could be identified as the electrode penetrated the brain, and these served as guides in locating the dLGN. Passage through the cell layers of the hippocampus was marked by bursts of spikes of high amplitude. The first evoked visual activity was typically encountered at a depth ranging between 3.6 and 4 mm from the pial surface. By flashing the beam of a small flashlight directly into the contralateral eye, we evoked a characteristic "swish" activity that reflects the discharges of optic tract fibers, lying dorsally to the dLGN. The electrode was further advanced to map the responses of single geniculate cells. In initial experiments, we determined that recording sites were within the dLGN using histological controls. The tip of the recording pipette was brushed gently with a saturated solution of DiI (Molecular Probes, Eugene, OR) in absolute ethanol, and the electrode was lowered to record geniculate activity. The animals were perfused transcardially with 4% paraformaldehyde, and the brains were dissected. Coronal sections through the thalamus examined with epifluorescence clearly showed DiI deposits inside the dLGN (see Fig. 1 A) .
For single-cell recording, signals were amplified 25,000-fold, bandpass filtered (500 -5000 Hz), and visualized on an oscilloscope. Receptive fields (RFs) of single units were mapped onto a tangent screen by using hand-moved light spots of various sizes. VEPs were recorded at a location corresponding to cells driven by the contralateral eye and whose RFs were within 60°of the vertical meridian and in the upper visual field. The signal was amplified (10,000-fold), bandpass filtered (0.1-120 Hz), digitized, and averaged (60 -200 events in packs of 10 -20 events each). Partial averages from single packs were used to establish response reliability Porciatti et al., 1999) . Visual stimuli were gratings of various spatial frequencies and contrast generated by a VSG2/5 card (Cambridge Research Systems, Rochester, UK) on a display (Sony Multiscan G500) that was positioned 20 -30 cm in front of the rat's eyes to include the central visual field. The mean luminance was 15 cd/m 2 . Contrast was defined as C ϭ Lmax Ϫ Lmin/Lmax ϩ Lmin, where Lmax and Lmin are the maximum and minimum luminance, respectively.
Steady-state VEPs. VEP recordings in steady-state mode were used to measure spatial resolution, contrast threshold, and temporal resolution. Steady-state VEPs were recorded in response to gratings with sinusoidal modulation of contrast at different temporal frequencies. The visual response was measured as the amplitude (microvolts) of the second harmonic of the stimulation frequency (4 -6 Hz for visual acuity and contrast threshold assessment, 2-16 Hz for temporal resolution studies), calculated after Fourier analysis of the signal Pizzorusso et al., 1997) . Noise was taken as the average of the amplitudes of at least three VEP responses with both eyes closed. Response noise was checked periodically during the experiment.
For each electrode position within the dLGN we established the region of the visual field yielding VEPs of maximal amplitude (VEP receptive field) . To this aim we recorded a series of responses to sine wave grating stimuli windowed to either a vertical or horizontal stripe of 10°ϫ 90°and presented at different visual field azimuths and elevations, respectively Porciatti et al., 1999) . Spatial integration of the microelectrode was inferred independently by the VEP amplitude dependence on window size. Typically, steady-state VEP am-plitude saturated for a window 30°wide centered on the VEP receptive field.
Visual acuity was assessed after presentation of gratings of variable spatial frequencies alternating at 4 -6 Hz (90% contrast). In the same temporal frequency range (4 -6 Hz) we analyzed contrast threshold in response to 0.1 cycles per degree (c/deg) gratings. Temporal resolution was measured with gratings of 0.1 c/deg and 90% contrast. Acuity, temporal resolution, and contrast threshold were taken as the highest spatial frequency, highest temporal frequency, and lowest contrast, respectively, that evoked a VEP response greater than the mean value of the noise. These measures were remarkably consistent between different penetrations within the same dLGN. For signal-to-noise analysis, we took the mean VEP amplitude evoked by stimulation with an optimal stimulus grating (0.1-0.2 c/deg, 70 -90% contrast, frequency of alternation 4 -6 Hz) divided by the average noise level. Signal-to-noise ratio was calculated for each threshold determination in the different tracks of each recorded animal. This resulted in three to seven signal-to-noise ratio data points for each rat. Values of the signal-to-noise ratio from all animals in a given experimental group were pooled together, and this cumulated set of data was used for statistical comparisons.
Transient VEPs. We recorded transient VEPs to estimate latency of visual drive in the dLGN. Transient VEPs were recorded in response to the abrupt contrast reversal of a square-wave grating (spatial frequency 0.1 c/deg, contrast 90%) at the frequency that evokes maximal VEP amplitude in the rat (0.5 Hz) . At least 60 responses were averaged.
Immunohistochemistry
After the electrophysiological recording, each animal was perfused through the heart with PBS followed by fixative containing 4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.4. Brains were dissected, postfixed for 2 hr in the same fixative, rinsed in buffer, and cryoprotected in 30% sucrose. Coronal brain sections were cut with a freezing microtome and collected in serial order through the entire dLGN. For NeuN immunostaining the sections underwent a blocking step (10% horse serum and 0.3% Triton X-100 in PBS), followed by incubation with a mouse monoclonal primary antibody (1:500; Chemicon, Temecula, CA) for 16 -24 hr at room temperature. Bound antibodies were detected by incubating sections with biotinylated horse anti-mouse IgG (1:200; Vector Laboratories, Burlingame, CA), followed by incubation in Vectastain ABC kit (1:100 solution; Vector) and nickel-enhanced diaminobenzidine reaction.
Stereological evaluation of neuronal survival
Full details of the cell-counting procedure are given in Caleo et al. (2002) . We used a modified version of the "dissector" method called optical fractionator (Coggeshall and Lekan, 1996; West, 1999) . All counts were performed according to a blind procedure. The analysis was performed using the Stereo Investigator software (Microbrightfield, Colchester, VT) and a Zeiss microscope. Serial sections through the dLGN were cut at the nominal depth of 50 m and immunostained with the anti-NeuN antibody as described above. The actual section thickness after the immunohistochemical procedure ranged between 24 and 28 m. Four equally spaced sections were randomly selected for counting. In each of these sections, the dLGN boundary was drawn at low magnification, and its area was measured to estimate the total volume of the nucleus. Immunopositive cells were counted using a 40ϫ objective in three-dimensional counting boxes (80 ϫ 80 ϫ 20 m) selected in a systematically random manner. Appropriate guard volumes (3 m thick) were used to avoid artifacts at the surface of the sections. A number of fields ranging between 94 and 166 were sampled for each animal. The total number of stained cells was estimated by multiplying the mean number of cells per counting box by the ratio of the volume of the nucleus to the volume of the counting box. All estimations had a coefficient of error Ͻ0.11 (calculated according to Gundersen's formula) (Gundersen and Jensen, 1987) . Survival was expressed as the percentage of NeuN-immunopositive cells counted on the lesioned side with respect to those present on the contralateral unlesioned side.
Statistical analysis
Differences between two groups have been assessed with t test. Differences between three groups were evaluated with one-way ANOVA followed by Tukey's test for data normally distributed, and with KruskalWallis one-way ANOVA with Dunn's post hoc test for data non-normally distributed. Level of significance was p Ͻ 0.05.
Results
Geniculate recordings
The dorsal surface of the geniculate was unambiguously identified in each microelectrode penetration by recording the characteristic optic tract swish activity evoked by flash stimulation of the contralateral eye. As the electrode was advanced progressively through the nucleus, RFs of single units were mapped onto a tangent screen by using hand-moved light spots of adjustable size. A typical progression of RF positions is schematically represented in Figure 1 B. As reported previously by Montero et al. (1968) and Reese and Jeffery (1983) , advancement of the microelectrode in the dorsoventral direction corresponded to a downward shift in the visual field of the RF centers of single geniculate cells. VEP recordings were performed at a depth ranging between 400 and 700 m from the dorsal surface of the nucleus, and at a location corresponding to single units driven by the contralateral eye and whose RFs were located within 60°from the vertical meridian and in the upper visual field. 2 ) reversed sinusoidally in contrast at 5 Hz. D, Retinotopy of geniculate VEPs. Recordings from the same penetration depicted in B and performed in correspondence to the single unit with RF 3. The visual stimulus has been windowed to a vertical stripe subtending 10°of visual angle and placed at different visual field azimuths. It is clear that there is a visual field azimuth yielding maximal response and corresponding to the RF position at which the VEP was recorded. VEP amplitude rapidly falls off for non-optimal stimulus positions, becoming indistinguishable from noise for windows centered farther then 20°from the RF position. Data have been fitted with a Gaussian curve. An identical behavior is observed when the visual stimulus is windowed to a horizontal stripe of 10°presented at different elevations. In this case, the VEP response vanishes when the horizontal stripe is shifted farther than 20°(either up or down in the visual field) from the RF position (data not shown in the figure).
An example of the waveform of steady-state VEPs recorded in the geniculate in response to gratings counterphased at 5 Hz is shown in Figure 1C . The waveform is approximately sinusoidal and has a temporal periodicity twice the stimulus temporal frequency, in keeping with the typical behavior of the patternreversal VEP. The VEP response is abolished completely by the stereotaxic infusion of 10 mM muscimol into the geniculate (n ϭ 2 animals; data not shown), thus confirming the postsynaptic origin of the field potential record. Figure 1 D reports the dependence of VEP amplitude on stimulus position in the visual field. From such data and our RF mapping in the same penetrations (Fig. 1 B) , we determined that our VEP response summates the activity of neurons located within a radius of ϳ200 -250 m from the microelectrode tip position (n ϭ 4 normal animals) ( Fig. 1 D  and legend) .
Removal of the corticofugal input per se does not alter VEP responses in the geniculate
Visual cortex ablation deprives the geniculate of its largest afferent pathway originating in cortical layer VI. Thus, an evaluation of the changes in geniculate physiology after visual cortex lesion might potentially include an effect attributable to simple elimination of the cortical feedback to the dLGN. To identify possible alterations in VEPs caused by disconnection of the corticofugal loop, we have compared VEP responses before and immediately after a complete visual cortex lesion. In five animals, contrast threshold, visual acuity, temporal resolution, signal-to-noise ratio, and response latency were measured initially by intrageniculate VEP recordings. The microelectrode was then withdrawn, and the ipsilateral visual cortex (areas 17, 18, and 18a) was removed completely by aspiration. The recording electrode was then reinserted into the brain to reach the exact same position within the dLGN, and the physiological measures were repeated within a few hours of the cortical damage. Representative results of these experiments are reported in Figure 2 for both contrast threshold and visual acuity determinations. The two graphs report the dependence of VEP amplitude on spatial frequency and contrast of the visual stimulus. A progressive decline in the field potential amplitude is observed by progressively increasing spatial frequency of the stimulus and reducing its contrast. The lowest contrast value and the highest spatial frequency where a reliable response could still be obtained were 4% and 0.9 c/deg, respectively, in this animal (Fig. 2 A, B, arrows) . It is clear from these examples that neither spatial resolution nor contrast sensitivity is affected by acute visual cortex ablation. On average, geniculate acuity after lesion was 0.87 Ϯ 0.03 (SE) c/deg and not significantly different from the normal value of 0.91 Ϯ 0.04 (SE) c/deg estimated in untreated animals (t test, p ϭ 0.6). Similarly, contrast threshold was 5.3 Ϯ 1.3% (SE) after acute visual cortex ablation and virtually identical to the value obtained in normal animals [5.7 Ϯ 0.6% (SE); t test, p ϭ 0.74]. Other tested parameters (signal-to-noise ratio, median ϭ 4.9 and 25-75% interquartile ranges, 4.3-8; temporal resolution, 12 Ϯ 0.5 Hz; response latency, 47 Ϯ 29 msec) were also within the normal range. We conclude that our physiological parameters reflect geniculate activity independent of the integrity of the corticofugal input.
Electrophysiological changes precede neuronal loss: neuronal numbers do not predict functional performance
We have evaluated the time course of the changes in geniculate physiology induced by visual cortex ablation to determine whether geniculate dysfunction precedes the anatomical loss of neurons. It is reported in the literature that after visual cortex ablation in adult rodents, cell death in the dLGN ensues after a delay period of 3 d (Agarwala and Kalil, 1998) . We have confirmed these findings using unbiased stereological techniques. Three days after lesion, the percentage of NeuN-positive cells counted in the lesioned geniculate was 99.1% (Ϯ10.2% SE) of those present on the contralateral unoperated side (n ϭ 5 rats) (Fig. 3A-C) . Despite an unaltered number of neurons, VEP recordings in these animals revealed striking changes in physiology. As shown in Figure 3 , D and E, respectively, a consistent increase in contrast threshold and a reduction of visual acuity could be observed. Contrast threshold was 16.3 Ϯ 2.4% at 3 d and significantly increased with respect to normal (t test, p Ͻ 0.001). Geniculate acuity was also significantly impaired (t test; p Ͻ 0.001).
Other measured parameters such as signal-to-noise ratio, temporal resolution, and response latency were unaffected, however. Median signal-to-noise ratio was 5.3 (25-75%; interquartile ranges, 3.9 -10.7) and undistinguishable from normal (MannWhitney rank sum test; p ϭ 0.3). High temporal frequency cutoff (12.9 Ϯ 0.4 Hz) and latency values (48 Ϯ 4 msec) were also superimposable on those of normal control animals (t test; p ϭ 0.82 and p ϭ 0.85, respectively). These data indicate that specific alterations in response properties precede the death of the axotomized geniculate neurons. Moreover, the data demonstrate that normal neuron number does not necessarily translate into intact function. These data emphasize the importance of physiological assays in assessing the efficacy of neuroprotective strategies (Dumas and Sapolsky, 2001).
Anterograde transport of radio-iodinated BDNF
Our previous studies have shown rapid effects in the lateral geniculate nucleus and superior colliculus after injections of microgram amounts of BDNF in the adult rat eye (Caleo et al., 2000) , and small amounts of retinal BDNF are known to be transported selectively from the eye to their retinal targets in the early postnatal rat brain (Spalding et al., 2002) . However, the selectivity of axonal transport, efficiency, and the amounts transported after pharmacological doses of BDNF are not known. Therefore, we measured the amounts of BDNF transported from the adult rat eye by quantifying the spread and transport efficiency of radiolabeled BDNF.
The amount of radioactivity remaining in the injected eye was 15 million cpm, amounting to ϳ150 ng, or 15% of the estimated 1 g injected. This may reflect expected loss of protein attributable to diffusion, leakage, and turnover in the eye within the 6 hr period after injection. The amount of radioactivity in the left (contralateral) eye was negligible, with 9900 cpm or 0.066% of the amount injected into the right eye, indicating that there was very little systemic leakage. The counts per minute in the right optic nerve (10 mm length) were 550 cpm; those in the left optic nerve (10 mm length) were 18 cpm. The radioactivity in the right olfactory bulb was 73 cpm, and in the left olfactory bulb it was 87 cpm. The amount of radioactivity in the right forebrain (including the dLGN) was 1038 cpm, and in the left forebrain (including the dLGN) it was 2137 cpm. The dissected left superior colliculus contained 388 cpm, and the right superior colliculus contained 44 cpm. As controls, the inferior colliculi were measured; they contained 25 cpm (right) and 32 cpm (left). After further dehydration in 100% ethanol, the amounts of radioactivity decreased by ϳ30%, e.g., in the left superior colliculus from 388 to 280 cpm, and similar reductions were seen in all tissues, including those with background label.
These data allow the following conclusions.
(1) A minimal amount of ϳ2000 cpm (ϳ20 pg BDNF protein) was transported specifically within 6 hr from the eye to the brain (including optic nerve, dLGN, and superior colliculus). This is comparable with the amounts of BDNF transported in previous studies in which only 10 -100 ng BDNF (10-to 100-fold lesser amount) was injected, yet 8 -80 pg accumulated in the optic tectum alone (von Bartheld et al., 1996) or in the entire brain (Spalding et al., 2002) . This may indicate that the transport capacity of BDNF saturates with ϳ50 -100 ng of BDNF injected in the eye. (2) Even with large amounts of BDNF (1 g instead of 10 -100 ng) injected in the eye, there is very little, if any, diffusion to adjacent structures such as the contralateral eye, contralateral optic nerve, or ipsilateral olfactory bulb, and the background in the brain was relatively low. (3) The large majority of the transported radioactivity was apparently internalized protein rather than free iodine or small degradation products, because most of the radioactivity did not wash out in the dehydration step.
These findings confirm efficient internalization of BDNF in RGCs and anterograde transport of BDNF to retinorecipient structures in the adult rat. In addition, specificity of BDNF accumulation is not compromised by the delivery of microgram amounts of BDNF into the eye.
Neuroprotective effects of anterograde BDNF: anatomy
In a previous paper we showed that the intraocular delivery of BDNF reduces by 50% the number of pyknotic cells in the dLGN of neonatal rats subjected to visual cortex lesion (Caleo et al., 2000) . Here we extend these results to adult animals, where geniculate cell death occurs over a more protracted time course. Two regimens of BDNF administration were tested. In the first protocol, BDNF (15 g) was delivered bilaterally into the eye at days 0, 5, and 10 after the cortical ablation (n ϭ 6 animals). In a second protocol, BDNF was given into both eyes immediately after the damage (n ϭ 4). All animals were allowed to survive for 2 weeks after the lesion. At this time point, 36.5 Ϯ 1.4% (SE) of the geniculate neurons were left in the injured dLGN of control uninjected animals (Fig. 4) . As demonstrated previously, these spared cells are mainly inhibitory interneurons not projecting to the cortex (Al-Abdulla et al., 1998; Martin et al., 2001) . One single bilateral administration of cytochrome c at the time of the lesion was completely ineffective in altering the course of dLGN cell death (no significant difference in survival with respect to lesioned untreated rats; t test; p Ͼ 0.05). In contrast, BDNF delivery resulted in a visible increase in neuronal survival (Fig. 4C,D) . Indeed, both the single and the multiple BDNF administration produced a highly significant cell-saving effect (Kruskal-Wallis one way ANOVA, p ϭ 0.002; post hoc Dunn's test, p Ͻ 0.05). The statistical analysis also indicates that one single BDNF dose is as effective as three BDNF injections in blocking cell death (post-ANOVA Dunn's test, p Ͼ 0.05). On average, 61.9 and 62.8% of the geniculate neurons survived in animals with three BDNF doses and one BDNF dose, respectively (Fig. 4 E) .
Neuroprotective effects of anterograde BDNF: physiology
All of the BDNF-treated and the uninjected lesioned animals were recorded at 2 weeks to evaluate functional properties in the injured geniculate. It was clear from these recordings that the physiological responses in the geniculate of control lesioned animals were dramatically altered and that the BDNF administration resulted in a substantial improvement of all the parameters tested. Representative examples of the physiological measures obtained in control and BDNF-injected rats are reported in Figure 5 . Figure 5A shows the contrast threshold curve in an uninjected lesioned animal. The VEP response decreases monotonically in amplitude with decreasing contrast and is at noise level for contrast values Ͻ30%. Figure 5B illustrates the dependence of VEP amplitude on stimulus contrast for a lesioned animal receiving a single BDNF dose at day 0. In this animal, a reliable response can still be obtained at 10% contrast. Figure 5 , C and D, reports examples of visual acuity determinations. For the control lesioned animal, it is possible to evoke a response only for spatial frequencies in the range 0.1-0.3 c/deg (Fig. 5C ). Even with maximum contrast (90%) and optimal frequency of alternation (4 -6 Hz), no signal can be recorded for spatial frequencies beyond 0.3 c/deg. The results obtained in the BDNF-treated rats are dramatically different as shown in the representative example of Figure  5D . It can be seen that the spatial resolution is greatly improved, and the noise level is reached for spatial frequencies higher than 0.7 c/deg.
The graphs of Figure 5 illustrate another difference between lesioned animals with and without BDNF treatment. It can be easily observed that the ratio between maximal amplitude and noise level (signal-to-noise ratio) tends to be lower in uninjected lesioned animals than in rats treated with BDNF. This difference is highly consistent and related to the absolute number of surviving geniculate neurons in each experimental group (see below and Discussion).
A summary of the physiological results collected in normal, control lesioned, and BDNF-injected lesioned rats is reported in Figure 6 . Because all of the physiological measures in the lesioned, cytochrome c-injected animals overlap with those of uninjected, lesioned animals (no significant difference; t test, p Ն 0.27 for all comparisons), the data from these two groups have been pooled together. Similarly, there were no significant differences in the functional properties of animals with single and multiple BDNF injections (t test, p Ն 0.25 for all parameters). Thus, data from the two BDNF-treated groups were also pooled. . Typical contrast threshold and visual acuity curves in control lesioned (top) and lesioned (bottom) rats with a single injection of BDNF. In each graph, an arrow indicates the last point above noise level (marked by a dotted line) that was taken as the threshold in that animal. It is evident from these examples that both contrast threshold and spatial resolution are improved by the BDNF treatment.
In the case of contrast sensitivity (Fig. 6 A) , control lesioned rats display a significantly higher threshold compared with both normal rats and BDNF-treated, lesioned animals (KruskalWallis ANOVA, p Ͻ 0.001; post hoc Dunn's test, p Ͻ 0.05). However, values in the latter two groups do not differ significantly from each other (post-ANOVA Dunn's test, p Ͼ 0.05). Thus, intraocular BDNF treatment preserves a nearly normal contrast sensitivity in axotomized geniculate cells. Spatial resolution data are shown in Figure 6 B. Geniculate acuity in the BDNF-injected rats is intermediate between the two clusters formed by normal animals and control lesions, being significantly different from both latter groups (one-way ANOVA, p Ͻ 0.001; post hoc Tukey test, p Ͻ 0.05). Signal-to-noise ratio (Fig. 6C ) was calculated for each animal and microelectrode track as the VEP amplitude under optimal stimulus conditions divided by the average VEP response with both eyes closed (see Materials and Methods). We found a median value of 5.25 in normal animals that dropped to 2.95 in control lesioned animals and reached 4.1 in lesioned animals treated with BDNF (Fig. 6C) . Statistical testing demonstrates a significant decrease of the signal-to-noise ratio in the control lesioned group (Kruskal-Wallis ANOVA, p Ͻ 0.001; post hoc Dunn's test, normal and BDNF lesioned rats differ from control lesioned, p Ͻ 0.05), whereas normal rats and lesioned rats treated with BDNF do not show significant differences (post-ANOVA Dunn's test, p Ͼ 0.05). We also compared high temporal frequency cutoff values in the three experimental groups (Fig.  6 D) . In normal animals, the curve relating VEP amplitude to frequency of alternation of the stimulus grating shows a maximum at ϳ4 -6 Hz (data not shown). The field response decreases progressively with increasing temporal frequency to reach a mean cutoff of 12.9 Ϯ 0.4 Hz (SE). ANOVA indicates that mean cutoff in control lesioned animals is lower than, but not significantly different from, normal animals and BDNF-injected lesioned rats (one-way ANOVA, p ϭ 0.14) (Fig. 6 D) .
We finally measured response latency in the different groups by recording transient VEPs in response to abrupt reversal (0.5 Hz) of a square-wave stimulus grating. In both normal and lesioned rats, the VEP waveform consists of an early small negative component peaking at ϳ50 msec (that we have called N1) and two later waves, P1 and N2, with latencies of ϳ100 and 200 msec, respectively (Fig. 7A) . We found that the latency of each component was not affected by either lesion or BDNF treatment (Fig.  7B-D) .
Discussion
An extensive body of work has established that BDNF is a powerful survival factor for several populations of damaged central neurons (Morse et al., 1993; Mansour-Robaey et al., 1994; Klocker et al., 1998; Hammond et al., 1999) . However, whether the neuroprotective actions of BDNF also translate into sparing of function has remained unknown. To assess protection from dysfunction one needs a model of neurodegeneration in which physiological measurements can be performed reliably. Here we have chosen the degeneration of geniculate neurons as a model system to evaluate neuronal rescue and sparing of function after administration of BDNF. Our main finding is that BDNF delivery preserves for up to 2 weeks the normal physiological responses of geniculate cells after axotomy.
Methodological considerations
The physiological responses of dLGN neurons have been measured via VEPs, which have proven to be a very sensitive tool for evaluating visual function in both normal and pathological conditions Pizzorusso et al., 1997; Porciatti et al., , 2000 . VEPs represent the integrated response of a pool of geniculate neurons. We have shown that infusion of muscimol (an agonist of GABA A receptors) into the geniculate completely eliminates all VEP responses, indicating the postsynaptic origin of the signal recorded. The choice of using VEPs for testing geniculate function is justified by the fact that electrophysiological changes at the level of VEPs mirror closely alterations in singlecell response properties [see for example Fagiolini et al. (1997) ; compare data from Huang et al. (1999) and Hanover et al. (1999) ]. We have not analyzed the responses of single geniculate units after cortical ablation, because this proved to be extremely low yield in the degenerating dLGN, whereas single-unit analysis requires extensive sampling because of the great number of functionally distinct types of cells present in the rat dLGN (Fukuda et al., 1979; Hale et al., 1979) .
Any change in geniculate physiology from removal of the visual cortex might include an effect induced by the simple disconnection of the massive cortical afferent pathway to the dLGN. The functional effects of interrupting the corticofugal loop are subtle and still controversial (Molotchnikoff et al., 1984; Murphy and Sillito, 1987; Marrocco et al., 1996; Rivadulla et al., 2002) . We have demonstrated that all of our physiological measures are independent of the integrity of the cortical feedback (Fig. 2) . For this experiment we have used an acute lesion protocol instead of a pharmacological silencing of the cortical neurons. In fact, it was important to block effectively all inputs from an area of visual cortex comparable with that ablated in the experimental group (a surface of ϳ24 mm 2 of cortical tissue). The finding that after acute damage all the measured parameters are within the normal range allows us to conclude that neither the corticofugal input nor rapid, axotomy-induced changes in cell response properties affect the VEP signal.
Early dysfunction of axotomized geniculate cells
Unequivocal physiological changes were observed in the geniculate ipsilateral to the lesion 3 d postoperatively. At this time, no degeneration of neurons has occurred yet. Therefore, our functional analysis detects early disturbances that are later followed by neuronal death. In particular, a consistent impairment in visual acuity and contrast sensitivity could be detected. This may be explained by an early dysfunction of the geniculate units tuned to the high spatial frequency and low contrast range, respectively, that represent only a minor fraction of the pool of geniculate cells (Lennie and Perry, 1981) .
The finding of a precocious functional change in the absence of manifest signs of cell death has another important implication. It demonstrates that maintenance of function cannot be inferred from normal neuron number. Therefore, anatomical rescue from death does not guarantee sparing at the physiological level. It follows that the criteria for demonstrating neuroprotection by any therapeutic intervention must include functional endpoints (Dumas and Sapolsky, 2001 ).
Neuroprotective actions of BDNF
We have shown previously that the intravitreal administration of BDNF reduces cell death in the geniculate of cortically damaged P7 rats (Caleo et al., 2000) . In the same paper we have shown that this effect of BDNF depends on anterograde axonal transport but not on local BDNF effects in the retina, i.e., the induction of a secondary trophic signal for geniculate cells (Caleo et al., 2000) . The present data indicate that the same mechanisms of BDNF neuroprotection operate in the adult animal. Radiolabeled BDNF is rapidly taken up by retinal ganglion cells and transported anterogradely to postsynaptic neurons in retinal target fields. Systemic diffusion of BDNF throughout the brain was minimal, ruling out the possibility that the effects of BDNF on dLGN neurons are attained via systemic leakage. Exogenous neurotrophins enter the anterograde axonal transport pathway presumably after passage through the Golgi system and packaging in large dense-core vesicles .
Using unbiased stereology, we have shown that ϳ80% more geniculate neurons survive at 2 weeks in animals treated with BDNF with respect to control lesions. Interestingly, there were no significant differences in survival between one single injection and three BDNF injections spaced by 5 d. The failure to achieve enhanced survival through the provision of additional BDNF doses has been reported in previous studies (Mansour-Robaey et al., 1994; Vejsada et al., 1994; Chen and Weber, 2001 ) and may be explained by at least two distinct mechanisms. First, axotomy rapidly and dramatically downregulates cell responsiveness to neurotrophic factor stimulation, probably by reducing the levels of trophic receptors at the plasma membrane (Meyer-Franke et al., 1998; Shen et al., 1999) . Second, exposure of central neurons to BDNF results in a decrease of TrkB mRNA and protein levels, therefore contributing to the reduction of trophic responsiveness (Frank et al., 1996; Knusel et al., 1997; Sommerfeld et al., 2000) . Whether BDNF delivered to the dLGN via a retrograde route from the cortex is able to rescue axotomized geniculate neurons was not determined in the present study. Another TrkB ligand, NT-4, is more likely involved in retrograde support of geniculate cells (Riddle et al., 1995) .
The most novel aspect of this study is the demonstration of an amelioration of physiological deficits after injury and BDNF treatment. There are many examples in the literature in which protection from death is not accompanied by maintenance of function, as assessed at the most integrative level of behavior (Dumas and Sapolsky, 2001 ). For example, after an excitotoxic insult to the hippocampus, overexpression of either the antiapoptotic protein Bcl-2 or the glucose transporter Glut-1 reduces neuronal loss to the same extent. However, only Glut-1 preserves hippocampal function as determined by spatial memory tests (McLaughlin et al., 2000) . Similarly, infusion of caspase inhibitors prevents neuronal death in the hippocampus after traumatic brain injury but does not spare maze performance (Clark et al., 2000) . Thus, preservation of function does not necessarily follow rescue at the anatomical level, and a necessary step in evaluating a neuroprotective strategy is to assess its physiological consequences. This is particularly true for BDNF, which in addition to its trophic role has been reported to act as a potent neuroexcitant in various brain areas (Kafitz et al., 1999) and may influence normal activity patterns (Lodovichi et al., 2000) .
We have shown that contrast sensitivity, visual acuity, and signal-to-noise ratio are all dramatically impaired in control lesioned rats 2 weeks after surgery. In lesioned BDNF-treated rats, these parameters were much less impaired. The maintenance of a nearly normal spatial resolution and contrast threshold after BDNF treatment is likely to be ascribed to the sparing of geniculate cells that have small receptive fields and are tuned to low contrast values. Signal-to-noise ratio, which represents an index of the quality of the visual response, was also preserved by BDNF. Interestingly, the decrease in the signal-to-noise ratio that we observed experimentally in the control lesioned animals corresponds to that predicted theoretically on the assumption that its value depends on the square root of the number of neurons recruited by the visual stimulus. That is, taking into account a signal-to-noise ratio of 5.25 in normal animals, and considering a reduction to 36.5% of normal in the number of geniculate neurons, one ends up with a predicted signal-to-noise value of 3.2 for the lesioned animals that is in close agreement with the median measured value of 2.95. When the same calculation is applied to BDNF-treated animals, in which ϳ62% of the geniculate neurons survive, a predicted ratio of 4.1 is obtained that perfectly matches the experimental median value. These considerations add some weight to the conclusion that most of the neurons rescued by BDNF are also functionally spared. Finally, it may appear surprising that the latency of the visual response was not affected by the massive death of dLGN neurons. However, in the rat, retinal fibers contact both geniculate relay neurons and interneurons (Sefton and Dreher, 1995) , which are not affected by visual cortex injury (Al-Abdulla et al., 1998; Martin et al., 2001) . Therefore, the presence of an intact synaptic input from the retina to geniculate interneurons may explain unaltered latency of visual drive in the dLGN.
The maintenance of at least some specific physiological parameters in injured central neurons after anterograde provision of BDNF suggests possible therapeutic applications of BDNF. It has been proposed that specific defects in the trafficking of neurotrophins within the brain are implicated in the pathogenesis of neurodegenerative disorders (Mufson et al., 1999; Cooper et al., 2001) . For example, a shortage in the anterograde supply of BDNF from the cortex to striatal targets may lead to striatal cell death in Huntington's disease (Zuccato et al., 2001 ). An exogenous supply of trophic substances may compensate for the loss of endogenously transported factors and therefore have therapeutic potential in the diseased brain (Mufson et al., 1999) . This strategy obviously requires a deeper understanding of the mechanisms involved in uptake, transport, and release of trophic factors for targeting them to the relevant destinations .
